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ABSTRACT 

The methodology and theory of Instruction, with 
special reference to science education, are discussed from the point 
of view of cognitive deep structure fields. Important difficulties 
with standard approaches are pointed out, and new avenues for the 
development of didactical theory are indicated. In Part T of the 
discussion, a eoneeotualizatlon of physical deep structure is 
developed, and three examples are given. In Part II, the role of 
physical deep structure in psychol^lcal develo^ent in the teaching 
of mathematics and science is delineated. It is believed that 
curricula should be developed upwards, utilirlng what children 
demonstrate as their own way of thinking and own ideas about 
interesting phonema, rather than downwards from preconceived 
objectives based on traditional paradigna, including systems of 
operations. It 1s suggested that the approach to curriculum planning 
should be one that respects the natural processes of the child. 
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Resume 



The role of concrete operational systems in mental development and their 
expianatory power for much of what one sees children da during the day seems Co 
us somewhat limited. The question why at a given time in the child's life he 
subj«icts certain aspects of a physical system to concrete operations and not 
others, and why certain aspects are subjected to concrete operations earlier than 
1,^ others, Piaget only explains in very general teraa, and In fact net in terms intrinsic 
to concrete operations at all* 
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Continuous deep structure fields and subfields are postulated on the basis of 
clinical Interviews and classroom observation, which can account for decalage and 
other phenomena outside the capacity of operational systems to explain. 



The methodology and theory of instruction, with special reference to science 
education, are discussed from the point of view of cognitive deep structure fields 
pointing out important difficulties with standard approaches and indicating new 
avenues for the development of didactical theory. 
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Traditionally the relevance of Plagetlan theory to aducatlon for children 
ages tifo through 12 has been considered based on preoperatlonal and concrete 
operational systems (Harvey, 1969 ; Lovell, 1971 ). However, the role of concrete 
operr.*-tonal syst^s in mental development, and their explanatory power for much 
of what one sees children do during the day seems to us somewhat limited. The 
question why at a given time In the child's life he subjects certain aspects of 
a physical system to concrete operations and not others, and why certain aspects 
are subjected to concrete operations much earlier than others, Piaget only explains 
In very general terms, and in fact not in terms intrinsic to concrete operations 
at all (inhelder and Piaget, 1955 ). Mara generally, one can raise the question 
why, at a given time in the child's life, always certain aspects of a physical 
system are Isolated and referred to by the child, and not others, why the child 
sometimes prefers to thl^ In terms of states of a variable, sometimes In terms 
of changes, end why there Is alweys leek of dlfferentletlon or confusion between 
eeirtatn espects, but not between others. Finally, the very raison d'etre of con« 
fete operations, their role In explaining eensarvatlon, can be questioned. As 
ar as we can see, the particular system of operetloos Involved In dealing with e 
physical system (e.g., balancing the arme of a borlsontal beam) typically consists 
of only a small nusd^er of ItMS (s^ 20), and It Is hard to see how such a small 
structure, as a structwre, cm axplaln eonservatlon If one doesn't attribute sere 
meaning to the operations as Individual entltlas. 

By cognitive structures one means theoretical entitles with which can be 
essocleted, or to which can be referred, specific patterns of behavior, or aspects 
of specific patterns of bebavler, on different occealMs ovmt a parlod of weaka 
or months or years. Pleat's achsmaa are eogid,tlve structures la this senss. They 
oea be largely conceived of, and In feet can be formallsad and axpllcatad, as finite 



I 



*Presaated at a coafaranea on "oparatloaa and dldactiea" at eantra da radiareha an 
dldactlqua, tha Itelverslty of Quebeque In Montreal, October 18-23, 1971. 
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relational structures in which some of the eleicsnt and relation terms refer to 
(external or Internal) actions. This is true of sensory-motor schemes O'Jitz, 1971c), 
of preoperational structures G'/itz, 1971a), and particularly of systems of concrete 
operations which are explicitly thought of as operations on given data (Inhelder 
and Piaget, 1955, p. 249). 

Now the fact that there are discernible patterns in the application of concrete 
operations, that there are natural conjunctions and nondifferentiations between 
certain variables and not others, etc., suggests that we envisage a new realm, a 
new level of cognitive structure that accounts for these facts. We will call this 
level physical deep structure . In the preoperational and the concrete operational 
child, physical deep structure is precisely a structuring in what Piaget, in the 
passage cited, calls given data, i.e., it is a continuous structuring of processes 
of perception of motor activity and cannot be represented by discrete relational 
structures. In what follows we first attempt to develop a conceptualization of 
physical deep structure, and then discuss some of the perspectives in mathematics 
and science teaching wfaieh it opens up. 

Part I. Physical Deep Structure 



Section 1 



At each moment of time, physical deep structure is a nexus of identifiable 
overlapping parts called deep structure fields (d.s_.^. 's). ^iJhen the child is 
interacting with a particular physical system, or when he contemplates one, a 
d.a.f. comes into play, gives rise to what appears in introspection as intuitive 
feelings of weight, oomentum , inertia, etc., and strongly iaflueneea his externally 
observable behavior. Each d.a.f. will be coDceived as a continuous dynamic form, 
or flux; it keeps its identity as a cognitive structure over a period of nonths, 
or years, but suiy be completely transfonaed in the course of development. We 
discuss three exmsples. 

Example 1 .^^ Cathy, aged 12, la given several different lengths of string, 
a half dozen balls of different dimeters and materiala which can be suspended at 
the ends of the atrlngs, and a support stand, for asking pendula. As in Inhelder 
and Piaget (1955), she is asked to find out what makes the period change. After 
demonstrating the effect of length with a golf ball, she mmymi 

C: "To aeke it cosw beck faster you make the string shorter, and to mke it com 

back slower you make tlM string longer." (Cathy stands looking at the 
axpariaentar aa though aha has finishad the task.) 

E: "Is that the only tiling that will-*?" 

C: 'Vail, if you awli^ it fastar like that (pushea tiia golf ball), it will coma 

back fastar, but if you Just let go like that it will eeae back later." 

(She lets go froa a saall aiqilituda and watches it swing.) 

Cathy tasts a ctthbar ball. Mmt aha trias out a aatal ball on a long string, 
than haaga the golf ball on a short stringi and aata both balls swinging. 

^ All obsarvations quoted hare and in the later sactions of this paper ware 
'** eollactad by loaallnd Driver and are reports in bar tbasls (1971). Ha are 
axtrmaly grataful to Ifrs, Driver for this aaterial. 
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C: "I£ it's lighter it comes back faster-'and this one's heavier so it comes 

back slower." 

The most important features here are that the behavior is labile and 
generally subordinated to the task of controlling the swing; Cathy Is obviously 
familiar with quite subtle aspects of the pendulum's operation and In fact she 
twice makes doubly sure she gets the desired result. (She contrasts pushing 
from a large amplitude with letting go from a small amplitude, and she contrasts 
a heavy ball on a long string vylth a light ball on a short string.) Now these 
features . together with the fact that a pendulum is a rather unique physical 
system (in the sense that sufficiently different variants, like a long heavy bar 
freely suspended at one end, are unlikely to be part of the child's experience), 
lead us to envisage a single d.s, field, P, that comes Into play on this and 
similar pendulimi occasions and that has as identifiable sub-d.s.f.'s (a) pushing, 

(b) Just letting go, and (c) a concept of weight. 

The d.s.f. P is typical of d.s. fields that underly the activity of younger 
children (ages four to six) in situations Involving specific types of physical 
apparatus, such as turning wheels on an axle, pushing or rolling larger objects, 
etc. These d.s. fields are specific to the type of systems involved, encompass 
many aspects of operations of the system as a whole, and contaia relatively few 
subfluxes that are shared across many situations (like a feeling for weight). 

Bcample 2. Rieky'g concept of inertia . Ricky, aged 12, is working with 
several pieces of apparatus (horizontal track with plunger, P.S.S.C. carts with 
bricks , a toy truck and penduliaB materials ) . 

(Oa the horizontal track:) 

(1) R: "Actually, the heavy balls might go farther because of their inertia. 

If they get started they ere harder to stop->." 

(2) R: (After he shoots several balls.) "This must be a middle weight (pointing 
to the ball that went the farthest). It won't have too much friction and 
won't get too little inertia." (In othar words the hea^ balls will not go 

so far beeauaa of graatar friction, md the li^t balls won't go so far bacause 
they have little Inertle; hence, tfiere must be an optimum middle weight.) 

(On the carts:) 

R: (After pushing a cart and watching it coast.) "Nall, it's pretty /auch7 

pressed forward, wid it got it moving (pushea cart) than the wheels bagln 
to pick up on ^elr oim and they may--it took up a littla bit. The force 
you have given it mekee the wheels go, and once they heve got rolling eome 
of their inertia. . .awke(e) tha go faetar...." 

E: (Biahaa cart slowly across table.) "Riclgr, whet ere the fereea on this 

cartT" 

R: (Be aemee eeveral.) "...end inertie would work two wtmfm, it's tiding 

to stay atill new end once it is eet going it's trying to keep going." 



(3) 



(4) 
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(5) E: 


‘•Inertia Is a force, «s it':** 


R: 


"Not really." 


E: 


"How would you describe it?" 



Rj (Pause.) "A tendeney--it ' s Just something that would operate on a body 
that has no unequal force on it." 

(6) E: (After Ricicy had predicted graphically the results of "exploding" a 

system of two carts » one loaded with two bricks.) would happen if 

you did this experlnent in empty space?" 

Rj "I guess this one (with bricks) would still go slower. It needs more 
force to overcome Its inertia." 



(Concerning a picture of a truck pulled in opposite directions by two rubber 
bands (Figure 1)*) 



(7) R: (What would happen if one rubber band were cut?) "...the truck will 

tend to stay still and then it will start to go faster..,." 



E: "What makes it do that?" 



R: (Quickly.) "Inertia." 

(8) E: 'iThat do you mean by inertia, Ricky?" 

1: 'Well, ...the body will stay right here unless you have unequal forces 

acting on them." 

(9) R: "...inertia isn't strong enou^ to overcome the rubber band, so the 

rubber band pulla it. Actually this will all take place fairly fast." 

(10) R: "...tha inartia doaan't hava much force in relation to a norsial rubber 

band." 

(11) E: "How could you increase the inertia of tha truck?" 

R: (Savan-aacoad pausa.) "Mika it haaviar. §o wa could put a weight 

on there. But actually that mi^t bagin to tand on tha friction." 



(12) R; ". ..tta inartia would not ha anough to atop it at any forca, baeausa 

inartia ia Joat Aa taodaney to atjqp atlll whm you have a forca acting on 
it. So if you havo a rubhar haiid pulling hcwavar miich inartia you bavo it 
would atart eo^^. If tbara wasn't aay friction, asy in outar apaea, ud 
you Juat had Ala ruhbar band bara and lat go it would go slewly but it 
would mowa," 




tha pandulws) 

E: "Xa tbara anjibing alaa that ml^t naka a diffaraaea?" 

R; "I'm net too awM, but 1 AAk tbara la aaotl i ar agual wal^t balanca 
llha thMra uaa cwur Awa. Aaca will ba a ml4dla wai^t Aa r a Aln g a will 
awing faatar bacnnic wbnn It gata too banvy Aa AlA won't go wary far 
after it will ba aaaiiit. If It'a too U|fit it won't gaAw a n a wi b apaad 
contag 4mm a ga m wary far." A 
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Aii ongoing conception of force applied to an object being met by the inertia 
of that object seems implicated In seven out of 13 comnents ((1), to soto extent 
(?)> (^)t (6)> (7), (9), (12)), and in quite different physical situations. This 
leads us to envisage a d.s. field that underlies this conception and comes into 
play in the seven occasions mentioned. It is highly significant (and we will come 
back to this below) that Si is related by Ricky explicitly to both starting and 
stopping objects, and that inertia is treated sometimes as an intrinsic property 
of objects (like weight), sometimes as something they acquire (in (2)). Further 
according to (5) and (8), Ricky thinks of inertia primarily in a context where 
the object is subject to a balanced system of forces. From other interviews his 
conception of a balanced system of forc^b is a mobile one that is underlain by a 
d.s. field S2t so that (7) and (8) Indicate a connon d.s. field which contains 
both Si and $2 as subfields. Finally the fact that the comments from (8) to (12) 
are made within a span of two minutes about the same system allows us to speak of 
a still larger inertia nexus S, which contains Sq, Si, S2 as subfields. 

Compared to Cathy, Ricky's understanding of the pendulum can be described not 
so much in terms of a single d.s, field concerned with aspects that arise naturally 
in manipulating the system, but rather as a multiplicity of highly identifiable 
and strongly Interacting d.s. fluxes like Si and S2> Although these structures 
have their origins In Identifiable subfields of a d.s.f, for pendulum- type systems 
like Cathy's d.s.f. F, their strength and the multiplicity of their interactions 
has for all practical purposes obliterated the original d.s.f. (Ricl^ applies with 
ease 15 or so concepts to the pendulum.) Cenerally speakl^, system specific 
d.s.f. 's like Cathy's P seem to underly some of the structures in four- year- olds 
which we have described as frameworks and activity structures (Witz, 1970, 1971b * 
Knifong, 1971). Indeed the method ve have been using for identifying d.s. fa is 
reminiscent of the method for identifying frameworks described in Witz <1970). 



Example 3 . Gathv's concept of Inertia , 

E* "What will happen triian I push this cart (a block of wood on wheels)?" 
C: "It would go that w^ mad stop, unless you push it again." 



E: (Pushaa the cart.) "How would you explain what you aea?" 




C: 



'5fell, the force of your hand is stronger than the resistance this (the cart) 
has, so it moves." 



'5lhat is the resistaaee this has?" 
"The block of wood." 



Althou^ we have only this single instance, we consider ourselves Justified 
in postulating ms a single d.s.f, a eoBcaption of insrtia (she says, "rasiatanee") 
agaiaat attempts re move mm object. In eontreat to Rlel^, thia is net axteadad to 
stopping e moving object, ead elthoug^ attributed to the object (rather thim to 
the experi enee of pushing as an undiffarantiatad whola) it is not considarad a 
property of tha objact. 




5 



- 6 - 



Sectlon 2 



When a lump of clay is put in a glass of water, six- to seven-year-old children 
will say that the water will rise because the ball is heavy. Hhy do they say this? 
Why do they bring in the notion of weight': Why do they think about the rising 

of the water rather than, say, the final water level? In the theoretical fr^ework 
of the preceding section, we would say that the child has an underlying conception, 
a clearly Identifiable d.s.f., ti, that weight pushes water, or causes water to 
move, and that this d.s.f. Is usually Involved in common everyday situations such 
as iranersing a big heavy object in water in the bathtub or in a sink and at the 
sme time feeling and watching the water rise, or pushing a rubber ball under 
water, etc., etc. 

We can expand this example to explain some of the behavior of nonconservers 
in the conservation of voluaie task. When the ball of clay is made into a pancake, 
the chid may say that "when you spread it out it gets lighter." This by itself 
%«ould indicate an identifiable d.s.f., t 2 * In addition, tj aeems to Interact with 
ti to form a new d.s.f,, t^, which underlies the apparent inference. 

We could go in this way and try to understand why turning the submerged 
pancake from the horizontal to a vertical position raises the water level 
(rather than lowers it) and even perhaps why there is more water In the tall 
cylinder than in the wide one (rather than less) -- *11 aspects of the child's thought 
which are of vital importance to education but irtiich are not explained ^ operations. 
More generally we believe that many of the "lacoherent" causal systems of pre- 
operational children in the standard tasks- -conservatlou, classification, seriation, 
etc. --can be underatood in terms of deep strueCure and utilized eonatruetively in 
cognitive growth. 

Abstracting from the axaaples we have discussed so far, we can say that two 
typical phenomena associated with d.s.f. 's are: (1) natural confusions and 

mixtures of aspects (like the mixture of weight and water rlaing above) and 
(2) natural conjuactions lAen varyi^ already wall-identlflad aapects of the 
syatMB (nice the conjunctions of pushing and amplltuda and of length and weight 
in Cathy). Wa believe that it is possible to study d.s.f. *s by lookiag at patterns 
of mixtinres, and at patterns of conjunetioas within the sasM child across siany 
diffarsnt physical situations. 

Section 3 



By giviag a physical analog ("this is like whan...") or ^ amploying concept 
terms lika '%aavy," "Corea," "raaistaaea," "iMrtia" ("that's bacauaa it is baaviar," 
"Inertia fceepa it going”), the child in aCfaet aaaarta that tbs p^sical situation 
a« in front of him is in a certain raapoet equivalent, or aiallar to, other physical 
situations s2, a2* , a2"....&a fact that such as aqulvalenea or sisd,larity is 
assarted with coofidenee, aad la istredoced spontanMualy ^ the child, or in 
responaa to vary gMaral quostioiis ("why?", "how doM ^a work?", ate.)— Is 
abort, that a p^raieal phsnnunnn hea bean identified by bin as a unique whela 
tbet inderliea many different altuatlona»that faet poeea Aeoretlcel problana 
of the first sMi^ltttde. We will argue that eeawMitleael eeneeptuallaatleii on Als 
point la wronghaedad, ud tftat ona naeda aaw dMoretleel antltlaa like d.a.f.'s 
to eeeouat for tfM dlf f leultlea • 
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The conventional finite structural account of physical equivalences, for 

exatnple, come about is in terms of partial correspondences (isomorphisms). 
Schematically, if a child declares a situation to be Just like some other 
situation a 2 > nne tries to distinguish in features, elements or relationships, 
which form a structured system A-^ isomorphic to a corresponding system A 2 
features, elements or relationships in a2. One then assumes that there is a 
finite system of schemes which assimilate substructures of and A 2 in the same 
way, t,e,, preserving the correspondence. The equivalence, then, is made because 
there are enough points of correspondence between the two situations which are 
assimilated by eKlsting schemes of the child. 

Let us eKamine this conceptualization In a concrete case: The Judgments 

made by Tom (age 12) about scale readings for the mmnm object under different 
circumstances. Tom predicts that a cart will give a greater scale reading on a 
spring balance near the top of an inclined plane than near the bottom (Figure 2), 
and he expects that when an object is freely suspended, the spriiig balance reading 
would be higher if the object is raised higher up. While holding two marbles in 
his hands, one higher than the other, he explains: 

T: "The higher it gets the more effect gravity is going to have on it because^-um> 

because, like if you Just stood over here and someone dropped a pebble on him 
it wooldn’t hurt him. But like if I dropped it from an airplane it would 
be accelerating faster and faster and %Aien It hit someone on the bead it 
^ould kill him," 

When asked what the sprliig balance would read If a thousand*gram weight 
resting on the table were lifted by steans of the scale one foot above the table: 

T: "«,,you won't get it to register until It (the weight) Is up in the air 
and then, lAen It Is up In the air, the gravity would have more effect on 
it. So I'd say about 1,400 grots. " 

E: 'Vhy?" 

T: "Because it weighs 1,000 but gravity--^, that's Just 1,000 sitting on the 

table, and the table stops gravity from pulling down, ^t in tha air there 
is nothing to stop it, so gravity can pull it dom further." 

Finally in the discussion on free fall, 1 aska: 

B: "If we hung n object into ttie spring balance and we cliaibed up a step 

ladder to the celling end took a reading of tha spring balance and then 
climbs down and repeated ow readings on thm floor, lAat can you tell mm 
about those readlnga?" 

T; "I think It would be equal ••^becauae gravity Is pulling It down as bard as it 
can but It'a being held up so It can't acealarata. It Just has to hang there 
becayee of the aprlng*" 

He oM that fbsi hae ccnblnad a conception of the effect of gravity with tfiat 
of dMi poaalblllty of mnwant of objoct on whldi gravity aete« ■cw all 
threa altuatlone cm ba aaen to Involve eaaMtlally the same finlta s^iictural 
setup Cdi» dg above). See Figure 3« 
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Instead of taking tha conventional position that the child makes his Judgments 
because there are demonstrable isomorphisms between the situations (Piaget ^ 1971), 
we believe that the fundamental problem is to explain how the child Invariably 
picks out a structured system of aspects (features, elements, relationships) 
which on later examination turns out to be the one most consistent with his other 
choices, and why his analysis of the situation doesn't fluctuate from moment to 
moment* In other words, we would argue that. In view of the many possibilities 
of analysis of a given situation by eKlsting schemes of the child, one has to 
assume a deeper, more global active organising unit like a d.s.f. to explain 
the stability of his conceptions^-^ the sureness of his Judgments, their lack of 
fluctuation vls*a*vj.s a given situation, and their consistency across diversely 
related situations. Consequently, partial Isomorphisms between situations are 
extremely valuable analytical inatrumenta in that they document the equivalences 
which the child makes, but they do not explain them. 

Similar problems arise when one tries to model In real time, purely on a 
basis of objectively specifiable partial Isomor^isms between situations, how 
it comes about that the child, when asked to explain oue particular situation ai, 
gives as analogy a physical situation ig rather than another one, * As a 
rule, the child is familiar with doxens of situations ^omorphic to ax In the aspect 
he has In mind; why is it that he produces #2? 

Section 4 



The i^ysical Judgnents discussed in Section 3 wer^ of course, based on verbal 
reports. When one asks for the earliest nonverbal behavior patterns which seem 
to imply or presuppose coa^arable '^Judgments" one is led to the tertiary circular 
reactions described in La Helssmce de 1 *intelltgence -"the behavior pattern of 
the support, the behevior pattern of the string, etc. When the behavior pattern 
of the support eppeers, for example, it is suddenly generalized over an enormous 
renge of objection-* support situations, and there is Initiation of action and 
sureness of action by the child In diverse sltuatlons--precisely the characteristics 
we get when we extrepolate equlvalenclng based on d.s.f.’s backwards to less 
verbal age levele. Accordingly we identify the earliest d.s.f.'s with the 
tertiary elreular reeetiOM, and regard the reletionshlps '*x is supported by y,'” 

**tbe string Is comieeted to x,** end “the stick in my hand pushes x“ as the 
eerllest d.s.f. -based concepts. 

Section S 

At this point we most consider a deeper issue which we gloeeed over In ^e 
considerations In Section 3, namely, the mobility of deep« structure concepts, 
ruging from mere analof^ (IdentificetiM of e type of experience, like lhm*e 
airplane story) to e fi^r fledged piqralcal property of objects (like kicky *s 
concept of iaertie). Aere Is no doubt Aat treating wai^t, resistance, inertie 
as proper tlee of objects, or treeting force, reslstence, inertia, mm properties 
of pigrsleel evMts, etc., constitetes mm mmttwm echisvsmsnt of the child that 
MSt be explalneble in terme of Bpaclflc intemel itynMtcal merhsnisms which 
deeply affect the correepondeaeea the child makes ♦ 
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We can arrange the above examples in a series according Co apparent increasing 
mobility of the concept involved: 

1. Tom's airplane story: mere analogy, or Identification by the child 

of a type of experience . 

2* Cathy's response that the resistance is "the block of wood"; 

Identification has progressed to localization of the phenomenon in 
a part of the situation in front of the child* 

3. "You get different results y because of x" (e*g* , because lt*s 

heavier, because of the force, etc*); Here x is not yet a property 
of the object » or of an interaction beMeen objects, but the child 
has a way of referring to it. Certainly much more is going on than 
that the child merely connects x with y. 

4* Ricky's notion of Inertia as a property of objects* 

In Section 3 we lumped these behavior patterns together as all being 
expressions of physical equlvalenclng, of identification by the child "in his 
muscles" of a coamon physical phenomenon* We now propose further that formation 
of physical property concepts is Intrinsically coimected to the nature of d.s.f.'s, 
although syntactical elements may, of course, be involved. One line of evidence 
for this view is the fact, beautifully brought out by Piaget, that In tertiary 
circular reactions, which we have charaeterized as proto d*8*£*'s, the child's 
behavior is for the first time directed by properties of objects (by "independent 
centers of forces," as Piaget says (1936, p. 277))* A detailed model for this 
shift from a world of completely action^bound happenings to a world "stocked 
with independent centers of forces," say a model In the form of a well*deflned 
dynamic Internal mechanlsa does not yelf exist; we are workl^ on this problms In 
the context of a detailed real-tls^ parallel process simulation of systems of 
sensory^siotor schemes in Infants (Wits, 1971d)« Insofar as d.s.f.'s seem to be 
essentially continuous entitles, our previous conslderstlons suggest that this 
shift Is a global effect of continuous kinesthetic mymtmmm wlilch cannot be usefully 
modelled in terms of reorganisation of small discrete systems of schsmes , 

Perhaps elosaly coBMctad with the preceding is a second property of d.s^f.'s 
which we also find in tartiary circular reactions ; their generative poiier, that 
is, thair capacity to drive and sustain the child's interaetion wiA a given 
physical system. On ^e one hand, Plggat's analysis (Piagat, 1936) tands to 
show that the type of «pleratory actlvl^ ttat appean at Ae st^e of tertiary 
circular raaetiona has qu^ltatl^ly co^lataly new characteristics lAich cannot 
be exp lsin e d on tte basis of aarlier ^rpes of dynaics batwean schemes, (this 
is also a problem we are studying rigorously in tbs slmulatien project mentioned 
above.) On Am other hand, at tim level of f our*year«olde , Am queetion of 
generative power of d.s.f.'e raises the question of the detailed ^rwimfral 
integration of "dnap struotora" fields end "surface" ectivity stmotwea into 
unified functional systems. 

iMt IX. Pm Btxvctm mad Ifath amA BQlmmem 

A half 40m9m of Cho aoot Mffieult problMa in cwrieolaB iloiif oad poiliaogirol. 
procfleo. bcooi^t to lii|it kp tho offerta of Mm poot doeaio (poptioolttlp In oelMOo 
aad — riiMi.tle. odooatioo) stm ko appro othod froa a loh aora pro^aiap poiat of 
O nr If oaa p^a aarloaa attaatioa to ooaaltioa daap a tr aetat a. 
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In mathemaCics education, controversy has centered on three major problems 
which, as far as instructional practice is concerned, still remain largely 
unsolved (Easley, 1967): the justification of logic as a tool for understanding 

mathematics, the problem of incorporating heuristics into instruction, and the 
problem of teaching mathematics so as to make applications in other fields far 
easier than now seems to be the case. One approach to this last problem %^as con- 
sidered by the Cambridge Conference on School Mathematics in its report (1968) 
on the correlation of mathematics and science education, but practical programs 
for bringing about a genuine resolution are still needed. In science education, 
the problem of identifying the processes of scientific thought is an old one 
whose current interest is Illustrated, for ex^ple, in the debate between Atkin 
(1966, 1968) and Gagn^ (1966, 1968), and Easley's review (1971a), and the question 
concerning the role of the teacher (Hanson, 1970; Ashenf alter, 1970) has been 
a.nswered quite differently by Hawkins (1969) and by ICarplus (1964), 

By taking the nature and role of physical deep structure in psychological 
development into account, we believe that some progress can be made on all of 
these problems. In all of the abcjve problmns, physical deep structure, operational 
systems, algorithmic systema (formal calculi) enter and interact in different ways. 
The problem is to find out how they can best be utilized to help each other, and 
how each can challenge the other to get more educational growth. 

Section 1 



The traditional position is that operations are the most important Intellectual 
achievement for the age levels In question (Piaget, 1967; Lovell, 1971), and 
educators have concerned theswelves with operations in various ways (e.g. , they 
have attempted to match the school experience to them (Hunt, 1971), to extend 
their applicability horizontally to other situations (Peel, 1964), thus resiovlng 
the effects of decalages horlzonteaux . and to accelerate their rate of developiaent 
(Sigel and Hooper, 1968). (Xir position is that, inatead of being primarily con- 
cerned with operations as an end, we think educators should be concerned with 
development and utilization of deep structure. 

First, we would say that deep structure causes difficulties In school 
prograzM, even those which are designed around oparations, baeause (a) it prevents 
the development of new peredipe (a le Karplus), or It may i^ibit the eecaptenee 
of conclusions to which eperatieas would etherise lead, (b) it may prevent the 
application of operationa ^Ich are already developed, and (c) through the 
effects of (a) and (b), it laads to fruatratien with aeme, if not most, of the 
academic work of schoola and to self-abnegation, aspacially in mathem atics and 
aeianca. 

To illuf'-ata thasa pointa, in tha acianea class which Hrs. Driver jtudisd 
thara were heated argiainta on whether an object on a tabla is "held up" by the 
cable or whether table la "puahiag up." ^ildran Aat inalated on '*hald up" 
had considarabla dlfflcttlciaa in aasimllating tha "balanead syatam of fercea" 
paradlgpi e v en aftar several weeks of instmeCioii, Or again. In Andersaa's study 
< 1965 ) • children aged alx to savrjn maatered tha all-bwt-cna strata^ in artificial 
tnaka, in ehich indepandant «id dependaiit variables were cleMly id«itlfled, but 
they w ere typically neshle to epp^ It to e neterel plq^lcel qFatam. Ve wo^d 
say that this waa due te werleos ^rpea ef cemfllets he tw ee n tfw sys tsm epeclflc 
deep etrwetore (Md Ita sebflwmes) «id dM eperetlemel eyetems "eetarel mlx^wes" 

O eheewre the clnl^ ef pesweptlem of werlahlee w ee de d le the stt«t^^, "aetwral 
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conjunctions” may override operation of the strategy, the dependent and independent 
variables in the strategy may not coincide with the aspects the child naturally 
manipulates and the results he seeks respectively in the systeoi- specific deep 
structure, etc. 



Sectio n 2 



We believe that a great deal more valuable growth Is possible than is usually 
envisaged by educator s--growth that Is neither dependent on mastery of operations 
which children may lack nor on the acquisition of scientific paradigms, or 
algorithmic systems as ends or as tools. For example, ten* year-olds often are 
capable of extremely subtle and interesting explanations of the dynamics of a 
pendulum's awing (^sley, 1971b): They see momentuni, two or mare kinds of weight, 

continuously changing velocity, angle, swing, force, and power, or energy. 

Impulse, Inertia, as well as the period and length, which are classically all 
that is studied. 

Once it la realized that children have and can develop rich systems of deep 
structure to sKplain fdiysical phenomena, one can develop experlnieiits, not in the 
sense of systematic control of variables, but in a morm naturalistic and open 
sense of finding various ways of experiencing and representing aspects of the 
physical system which would lead to the formation of new deep structure as well 
as deep-structure fused operational and algorithmic systems . 

Put differently, we feel that curricula should be developed upwards utilizing 
what children demonstrate as thsir own way of thinking and own ideas about interesting 
phenomena, rather than downward^ from preconceived objectives based on traditional 
paradigms, including systems of operations. Consider, for example, the 12-year- 
olds In the science class who objected to the table "pushing up." Now, some of 
these children had a conception to the effect that the "holding up" of the table 
was a fixed characteristic of the table which did not vary with the weight placed 
on it* tAere appears to be no point either in instructing these children in 
Newton's postulate end its application to statics nor in postponing further 
study of mechanics until they might have discovered action and reaction on their 
own. Rather, one cen adapt the instruction to fit their intuitions, encouraging 
a development of self •conscious analytic techniques* For example, one can start 
experlmantlng with certain types of flat materials which respond with a noticeable 
"give" to the epplleatlon of heavy objects. In this way the d.e.f. underlying "holding 

up" is aiodifled and embedded into a larger d.s.f. underlying "give" and, .at the smae 
time, the latter is fused with a reversrble operational structuro ("give" va, "holding 
up"). As a convenient measure of the "give" of each piece one cen then Introduce the 
ratio of distortion to the weight applied, and in this way 'tie the d.s.f.* to an 
algorithmic syatem (numerical ratios). 

Now tha d.s.f.'a imderlylng "holding up" and "glvihg," as Mplalned above, 
are neturel cognitive objects for cwrylag ttm concept of electrical reslstnce 
(and in a similar w^, Hsm*a d.s.f. imdarlylng gravity plus posalblllty of motton 
is a natural cognitive structure for carrying the comcept of electrostatic potential). 
Accordingly the procedure above uses Intuitive systesw ^proprlate to else trie! ^ 
to understand smcbanlcs. But this brings us back again to fiMdsmental Issue 
concerning the lAole approach we as educators should taka to sciMce. tte raigning 
attlteda in curricoliM planning is to develop e siAJoct ■matter area like mechanics 
logically from tha ground up as a sapwats ccmpartmMt**tiMt ie, to plan the cur* 



And nreconeelved logical or ^llosophlcal mialyals, but the natural Tproeesses of the 
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